The hutC gene in Pseudomonas putida encodes a repressor protein that negatively regulates the expression of all hut genes. We have overexpressed this cloned hutC gene in Escherichia coli to identify P. putida hut regions that could specifically bind the repressor. Ten restriction fragments, some of which were partially overlapping and spanned the coding portions of the P. putida hut region, were labeled and tested for their ability to recognize repressor in a filter binding assay. This procedure identified three binding sites, thus supporting previous indications that there were multiple operons. A 1.0-kilobase-pair Sail restriction fragment contained the operator region for the hutUHIG operon, whereas a 1.9-kilobase-pair SmaI fragment contained the hutF operator. A 2.9-kilobase-pair XhoI segment appeared to contain the third operator, corresponding to a separate and perhaps little used control region for hutG expression only. The addition of urocanate, the normal inducer, caused dissociation of all operator-repressor complexes, whereas N-formylglutamate, capable of specifically inducing expression of the hutG gene, inhibited binding only of repressor to fragments containing that gene. Formylglutamate did not affect the action of urocanate on the repressor-hutUHIG operator complex, indicating that it binds to a site separate from urocanate on the repressor. DNA footprinting and gel retardation analyses were used to locate more precisely the operator for the hutUHIG operon. A roughly 40-base-pair portion was identified which contained a 16-base-pair region of dyad symmetry located near the transcription initiation site for this operon.
Expression of the histidine utilization (hut) genes in Pseudomonas species is predominantly under negative control by a single repressor, the hutC gene product (10) ; similar negative regulation exists in Klebsiella aerogenes and Salmonella typhimurium (5, 11, 18) , whereas only positive regulation of hut gene expression is believed to occur in Bacillus subtilis (15) . We have recently shown (7) that the hut genes of Pseudomonas putida are organized into three major transcriptional units, hutUHIG, hutC, and hutF, for which the corresponding gene products are urocanase (hutU), histidase (hutH), imidazolone propionate hydrolase (hutI), formylglutamate amidohydrolase (hutG), and formiminoglutamate iminohydrolase (hutF). However, expression of the hutG gene can be induced by either urocanate or N-formylglutamate (FG), whereas the other four hut genes are induced only by urocanate (6) . Thus it appears that the hutG gene, in addition to being expressed as part of the hutUHIG operon, may have its own promoter and operator region. To explain this dual transcriptional mechanism, we proposed that the hutC gene product in P. putida is a bifunctional repressor molecule that can bind to either of these inducers (7) . Furthermore, for FG to inhibit binding of repressor to the hutG operator only, and thus selectively allow hutG expression, the interaction of the repressor with the hutG operator site should be different from its interaction with the hutUHIG and hutF operators.
Consevage et al. (4) previously cloned all of the genes necessary for histidine utilization by P. putida onto a cosmid vector and expressed these in Escherichia coli. In the present work we overexpressed the hutC gene of P. putida in E. coli to obtain sufficient quantities of repressor protein for its partial purification, and we studied its binding to potential operator-containing restriction fragments and the influence of inducers on this binding. In addition to identification of three binding regions for the repressor, we also obtained detailed information about the structure of the hutUHIG operator by gel retardation and DNase I footprint analysis.
MATERIALS AND METHODS
Bacterial strains and plasmids. The plasmids and bacterial hosts referred to in this study have been described previously (4, 7) . Figure 1 illustrates the relationships of the cloned portions of each plasmid to the overall hut gene arrangement. Vector pPL-lambda and its host, E. coli N4830, were purchased from Pharmacia-LKB Biotechnology, Inc. Plasmid pLH18 contained the hutC gene in a 1.7-kilobase-pair (kbp) EcoRI-SalI fragment that had been filled to produce blunt ends and cloned into the HpaI site on pPL-lambda. Plasmid pLH19 contained the same fragment but in the opposite orientation with respect to the PL promoter, as shown by restriction patterns obtained upon BamHI digestion.
Transformants were grown at 28°C in either Luria broth (LB) or 0.2% glucose-salts A minimal medium (14) supplemented with histidine, leucine, and valine at 40 jig/ml each.
To overexpress the hutC gene, the culture was grown at 28°C
to an A6(00 of 0. 4 was recovered by centrifugation for 10 min in a microcennent derived from pMC4 ( Fig. 1) was trifuge, washed with 75% ethanol, and dried in a vacuum esis (2) and used routinely for the concentrator. The pellet was dissolved in 2 p.l of loading ormally labeled to a level of 5 x 107 buffer and subjected to electrophoresis at 1,600 V on an 8%
Ius each assay contained 5 ng of this polyacrylamide-urea sequencing gel (13) . activity of the repressor was defined Materials. Unless otherwise specified, chemicals were 'NA bound per milligram of protein purchased from Sigma. FG and imidazole propionate were ons. Protein was determined by the synthesized by methods previously described (16, 19) . Elecwith ovalbumin as the standard. trophoresis reagents were obtained from Bio-Rad Laboratoextracts. Cultures ( (7) . By using this information, pLH18 and pLH19 were constructed to place the hutC gene under control of the lambda PL promoter. To determine whether E. coli N4830 containing pLH18 or pLH19 expressed the hutC gene from this promoter, both clones were grown at 28°C and then shifted to 42°C for 1, 2, and 4 h. Crude extracts from the cells were assayed for DNA-binding activity by the nitrocellulose filter method. The binding assay used a 1.0-kbp Stll fragment (Fig. 1 ) that contained the N-terminal portion of hittU and the upstream flanking region believed to contain the regulatory region for hiutU expression (7; Allison and Phillips, manuscript in preparation).
Neither N4830(pLH18) nor N4830(pLH19) extracts prepared from cells kept at 28°C showed any specific DNAbinding activity. For cells shifted to 42°C for 2 h, binding activity was observed with N4830(pLH18) extracts and increased to a maximum when roughly one-third of the input radioactivity was bound (Fig. 2 ). Activity at 1 and 4 h was somewhat reduced compared with that at 2 h of heat induction. In addition, this binding activity was abolished when the inducer, urocanate, was added in the binding assay. No binding activity was detected in N4830(pLH19) extracts prepared from cells after a 2-h temperature induction (Fig. 2) . These results indicate that pLH18 encodes a protein that exhibits the specific DNA-binding properties expected for the hlit repressor, and that the orientation of the insert in pLH18 allows the gene to be expressed in a temperature-inducible manner from the PL promoter. This finding is consistent with earlier results of Hu and Phillips (7), which indicated that the hlutC gene is transcribed in the opposite direction of hittF but in the same direction as the remaining hiut structural genes.
The repressor was partially purified from extracts of heat-induced N4830(pLH18) by using the standard DNAbinding filter assay to monitor activity in the presence and absence of urocanate. Cells harvested after heat induction were disrupted by sonication, followed by centrifugation at 13,000 x g for 2 h. The repressor was purified from the supernatant by precipitation with 0.6% polyethylenimine and subsequent elution from the pellet with 0.6 M KCI, followed by gel filtration on a 400-ml column of Sephacryl S-200 equilibrated with TEDG buffer and chromatography on a 50-ml column of calf thymus DNA-cellulose (Sigma), eluting with a 300-ml linear gradient from 0. pihtidai (7) indicated, on the basis of insertional inactivation and subcloning, that there existed three, and possibly four, regulatory regions for huit gene expression; these correspond to transcriptional units for huItF, huutC, and huitUHIG and a secondary one for IilutG located near the gene. To identify these regions directly, 10 restriction fragments, some of which contained overlapping regions, were isolated from previously constructed plasmids pLH1, pLH2, and pMC4 (4) . The locations of these fragments on the map of pMC1 are shown in Fig. 3 . Each fragment was labeled by nick translation and assayed for repressor-binding activity. The repressor was able to bind five of the 10 fragments tested (Fig.  3) . The binding activity to these fragments was significantly reduced upon the inclusion of 5 mM urocanate in the assay, indicating specificity in the recognition. Alignment of the fragments along the map of pMC1 permitted localization of distinct repressor-binding regions preceding hi.tF (and hutC), hlutaU, and hutG, in support of our earlier findings (7). We did not find restriction fragments that could distinguish between the possibility of one or two repressor-binding sites located between the IhiutC and hiatF genes. In fact, since these are apparently transcribed in opposite directions, it is probable that a single repressor-binding site located between the two genes can control transcription of both.
To compare the repressor-binding affinities of the different operator regions, the binding activity values were normalized to counts per minute per kilobase of DNA. As revealed by the binding curves, the repressor showed similar affinity for the IhitUHIG operator (the 1.0-kbp Sall fragment) and the huutF-hutC operator (the 1.7-kbp SalI-EcoRI and 1.9-kbp SinalI fragments), but the normalized binding activities for the 5.6-kbp EcoRI and 2.9-kbp XhoI fragments were only 5 and 2.5%, respectively, of values obtained for huiitUHIG, suggesting that the hIitG operator might be a weaker binding site. The binding activities to the hutF-hutC and huitUHIG operators were abolished by urocanate, whereas that to IitG was only reduced to 50%.
Inhibition of repressor-operator binding by inducers. Since repressor-operator binding activity was affected by the addition of urocanate, several other potential inducers were tested for their ability to alter the repressor-operator binding equilibrium. In these experiments one of three different operator-containing DNA fragments was incubated with repressor and various amounts (0.02 to 20 mM) of the compound to be tested. The concentrations of DNA and repressor were held constant, with the amount of repressor present being less than saturating in each case. The equilibrium amount of repressor-operator complex was then measured by the filter assay, and the relative binding activity (ratio inducer) was plotted against the concentration of inducer (Fig. 4) .
Among six potential inducers tested, histidine, formiminoglutamate, and glutamate showed no effect on repressoroperator equilibrium. On the other hand, the addition of urocanate and imidazole propionate (a nonmetabolizable urocanate analog) caused dissociation of all three repressoroperator complexes, whereas FG inhibited binding to the hutG operator only. Binding to the hutUHIG and hutF-hutC operators could be reduced 50% by 30 F.M urocanate or 40 to 50 ,uM imidazole propionate, whereas up to 20 mM FG had no effect (Fig. 4) .
In the case of repressor binding to the hutG operator fragment, FG was as effective as urocanate or imidazole propionate in reducing the binding of repressor to this fragment, although the concentrations required in this experiment for 50% reduction in binding were all between 2 and 4 mM. Because the actual amount required for half reduction in binding is dependent on many factors internal to the experiment (e.g., absolute repressor or fragment concentration, ionic strength, and pH), it cannot be taken as necessarily indicative of the true binding constant for the inducer to free repressor or repressor-operator complex (1) . Within an experiment with a given operator fragment, however, such assays provide a reasonable index of inducer potency. When pure repressor becomes available, direct equilibrium binding measurements should provide a better indication of the relative binding efficiency of FG and urocanate to the repressor and various operator-repressor complexes.
Urocanate but not FG inhibited binding of the repressor to the hutUHIG operator, but both compounds could affect to some extent the binding of repressor to the hlutG operator.
FG should therefore affect the inhibition of repressor binding to the hutUHIG operator by urocanate if these two inducers bind at the same site on the repressor. To test this, a competition assay was conducted with the repressor and the hiutUHIG operator (1.0-kbp Sall fragment) incubated with 30 F.M urocanate in the presence of various amounts of FG. It was found that the ability of 30 puM urocanate to reduce repressor-operator binding by 50% was not altered by addition of FG up to 10 mM. Therefore, it can be concluded that FG and urocanate do not bind at the same site on the repressor. An alternative explanation, namely, that some or all of the binding to the hutG operator and competition by FG is due to a second and different binding protein in the extracts tested, cannot be dismissed at this time. Possibly arguing against this are the observations that genetic evidence indicates a single hut repressor (7) and the lack of binding of E. coli N4830 extracts (minus pLH18) to the various operators, but the matter awaits the availability of pure repressor before definitive resolution.
Identification of the operator site preceding hutU. To define more closely the repressor binding site preceding hutU, several experiments were conducted. First, a set of overlapping restriction fragments was generated, corresponding to a 1.4-kbp region containing the 1.0-kbp Sall fragment used in the standard assay. These fragments were purified, labeled by nick translation, and assayed for repressor-binding activity (Fig. 5) . A 128-bp region was identified that was common to all of the fragments demonstrating repressor-binding ability. This region has been sequenced along with the entire hiutU gene and found to contain a region of dyad symmetry composed of 16 380-bp DNA fragment containing the 16-bp symmetry region. Addition of the repressor to the DNA caused a mobility shift of the end-labeled fragment, whereas urocanate abolished this shift (Fig. 6 ), indicating that this fragment contained the operator region. To test whether the symmetrical segment, which contains an RsaI site, was in the repressor recognition site, the 380-bp fragment used in the gel retardation analysis was digested by RsaI in the presence or absence of the repressor. The repressor specifically protected the RsaI site that was in the -35 region from cleavage by RsaI, but another RsaI site located 230 nucleotides upstream in the same DNA fragment was not protected.
Footprint analysis was employed to confirm the location of the repressor-binding site (Fig. 7) . The same 380-bp DNA fragment was labeled and incubated with the repressor before DNase I digestion. The samples were then subjected to polyacrylamide gel electrophoresis. A DNase I-protected region was identified which covered an approximately 40-bp portion of the probe (from positions -10 to -50 relative to the transcriptional initiation site). As expected, the 16-bp symmetrical region was near the middle of the protected segment. 
DISCUSSION
The hliitC gene of P. pittidai was overexpressed from the lambda PL promoter in E. (oli, and this allowed a partial purification of the repressor. The repressor specifically bound to certain Ilitt region DNA fragments; as a result, three potential operator sites were localized. These regions were found just upstream of the transcriptionally related units previously indicated on the basis of insertional inactivation studies (7) . Urocanate and its analog imidazole propionate inhibited repressor binding to all three operators, whereas FG affected binding to the IittG operator only. This agrees with the earlier result that synthesis of all Hut enzymes is induced by urocanate but FGase can be induced by its substrate as well (6) .
Urocanate inhibits the binding of the repressor to each of the operator-containing fragments, whereas histidine itself has no effect; this provides direct evidence that urocanate and not histidine is the real physiological inducer. It is therefore apparent that these organisms will synthesize Hut enzymes only when a level of histidine in the cells is sufficiently high to allow some conversion to urocanate. In the uninduced state urocanate would accumulate until sufficient degradative capacity was generated, whereupon induction would be initiated and continue as long as there was a high level of histidine for conversion to urocanate. This rationale, however, requires a mechanism for maintaining some low level of histidase production even in the absence of urocanate. We suggest this can be most easily achieved by urocanate was required for equivalent inhibition of binding. It has recently been found that the nucleotide sequence of the hutF-hutC operator site is nearly identical to that of the hutUHIG operator site (Allison and Phillips, in preparatidn), indicating that the DNA-repressor interactions are probably identical at these two loci. The hutG operator may be different in sequence, and structure from the hutUHIG and hutF operators, and thus the repressor would bind it with a different efficiency. Since the binding sites for FG and urocanate on the repressor are probably separate, the conformational change produced in the repressor by FG binding would affect only the interaction between the repressor and the hutG operator.
The interaction between the hutUHIG operator and the repressor sheds light on the mechanism of the regulation of hut gene expression and negative control by the repressor. The repressor binds a roughly 40-bp region from positions -10 to -50 relative to the transcription initiation site for hutU, with a section of dyad symmetry around position -35 probably serving as a recognition sequence. Therefore the repression of hutU transcription is most likely due to steric hindrance by the repressor at the RNA polymerase-binding site.
Studies are planned that will utilize pure repressor, when available, in more direct binding experiments with charac-J. BACTERIOL. terized fragments containing the various operator regions so as to confirm the results presented here, especially concerning the unusual binding characteristics of repressor preparations with the huitG operator region. These studies should distinguish among the several possibilities discussed here, including potential aberrant properties of the repressor due to its nonpure state or the use of a very large IiiitG operatorcontaining fragment for binding measurements.
